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Second harmonic generation from magnetic materials is shown to lead to a nonlinear 
magneto-optical Kerr effect that can be orders of magnitude larger than its linear equivalent. The 
origin ot this effect can be found in the differences between the linear and nonlinear solutions of the 
optical wave equations and in the symmetry properties of the corresponding optical tensors.
Applications for the study of magnetic surfaces, thin films, and multilayers will be discussed.
© 1996 American Institute o f  Physics. [S0021-8979(96)13108-X]
I. INTRODUCTION
When linearly polarized light is incident on a magnetic 
material, the reflected beam will be elliptically polarized, 
with the major axis of the polarization ellipse rotated with 
respect to the incident plane of polarization. The origin of 
this magneto-optical Kerr effect (MOKE) lies in the spin- 
orbit coupling that leads to a difference in the refraction co­
efficient for left- and right-handed circularly polarized light. 
This spin-orbit coupling acts like a magnetic field on the 
current induced by the electromagnetic field of the incident 
light.1 This should also hold for the nonlinear contributions 
of the induced current, that are the origin of optical second 
harmonic generation (SHG), leading to a nonlinear magneto­
optical Kerr effect (NOMOKE). Based on symmetry argu­
ments, Ru-Pin Pan et a i  indeed showed that the presence of 
a magnetization would lead to new, nonzero surface contri­
butions to the nonlinear optical response.2 At the same time,
o
6
Hubner and Bennemann calculated the nonlinear magneto­
optical spectrum of Ni, based on a spin dependent band 
structure calculation/ They showed that this should indeed 
lead to observable effects, with magnetic contributions to the 
nonlinear tensor coefficients of more than 10%. First experi­
mental evidence for such a NOMOKE was given by Reif 
et a l for an Fe(110) surface,4 whereas Spierings et al. 
showed the first NOMOKE results from buried Co/Au 
interfaces.5 From a vSHG study of YojBio^Fe^O^ films, Akt- 
sipetrov et a i  reported a nonlinear Kerr rotation between 1 
and 4°, that was significantly larger than the linear one. 
These observations triggered much theoretical and experi­
mental revSearch. Reif et a l  showed the presence of a mag­
netic circular dichroism in the SHG reflection from the 
Heussler alloy PtMnSb, as well as a large nonlinear Kerr 
rotation of 140,7 which is an order of magnitude larger than 
its linear Kerr angle of 1.1°. Interface and monolayer sensi­
tivity was successfully demonstrated by Wierenga et al,8,9 
and nonlinear circular dichroism by Fiebig et a l } {) whereas 
enormous enhancements of the nonlinear Kerr rotation were 
observed for a thin Fe/Cr film by Koopmans et a l u  Theo­
retically, these large enhancements appeared to follow from 
the differences in the solutions for the Maxwell equations for 
the nonlinear and linear case ,12 and the differences in the
a,Pre.sent address: Max Planck Institut fiir Festkorperforschung, D-70506 
Stuttgart, Germany.
symmetry properties of the linear and nonlinear 
susceptibilities.11 In combination with the intrinsic surface 
and interface sensitivity of the SH G  response13 these large 
NOMOKE effects are particularly interesting for the study of 
surface magnetism.
SHG arises from the nonlinear polarization P(2oj) in­
duced by an incident laser field E(a>). This polarization can 
be written as an expansion in E (co)
P (2w ) =  * (2)E (c o )E (w )4 -* {3)E ( to)'V E (io) +  • ■ - . (1)
The lowest order term in Eq. (1) describes an electric dipole 
source. Symmetry considerations show that this contribution 
is zero in a centrosymmetric medium, thus limiting electric 
dipole radiation to the interfaces where inversion symmetry 
is broken. The bulk second harmonic can now be described 
in terms of the much sm aller electric quadrupolelike contri­
butions [second term in Eq. (I)]. However, because of the 
large volume difference between interface and bulk, this does 
not necessarily mean that the total bulk second harmonic 
signal is negligible. Interface sensitivity needs to be verified 
for any given system. Following the approach of Pan, Wei, 
and Shen ,2 it is convenient to separate the SH susceptibility 
into an even (x +) and an odd ( ^ ” ) part in the magnetization 
M. Thus, the induced SH polarization at an interface P(2o>) 
is given by
P i 2 ^ ) ^ x U M ) E JE ^ X j j k m E j E ki (2)
where E  is the local excitation field at frequency co at the 
interface, and we implicity assum ed a summation over the 
repeated indices. The introduced susceptibilities fulfill
In the following we will drop the ex-
TABLE I. The nonzero elements of the SH susceptibility tensor for an 
isotropic surface in the longitudinal configuration (M//i). The two columns 
list the elements that are even and odd in the magnetization, respectively. 
The occurrence of the elements in the p~ and .y-input configuration is indi­
cated within parenthesis.
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plicit M  dependence of xîjic- For a  given surface symmetry 
the xtjk anc* xTjk can ©asily derived (see Table I). In the 
longitudinal configuration and for pure p~ or ¿-input polar­
ization we find that all nonzero xtjk  elements have i e{x , z} ,  
giving rise to p-polarîzed SHG. All nonzero xTjk elements 
have i ~ y 9 always resulting in ¿'-polarized SHG, From this it 
follows that the SHG polarization ellipses for ± M  are each 
other’s mirror image in the plane of incidence, and we can 
define a nonlinear Ken* angle in correspondence with its 
linear counterpart Pustogowa and Hübner have shown 
that for the longitudinal configuration and 4> l^) are 
given by
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FIG. I. Output polarization dependence of SHG reflection from an Fe/Cr 
multilayer, for s-polarized input. Squares: M[|I\ dots The inset
shows the expérimentai configuration.
X ^  sin Oi cos 61
X ( i)+* Vcos^ Pi+Xoi to)
(4)
the curves corresponds to 2<&/¡?)c»340, i.e., a nonlinear Kerr
in which x ^ ' + and x ^ ~  ^  nonmagnetic and magnetic rotation <E>$P of 17°. In this geometry we measured a linear 
contributions to The big difference between the exp res- Kerr angle of 0.03°, using the same Ti-sapphire input beam, 
sions for and 3>y} is the factor 1/Vcos2 tii+Xoi0*) in Eq. These observations correspond to an enhancement of almost 
(4). This factor causes a small value for but is not 
present in the nonlinear case. Therefore it is clear that the 
nonlinear Kerr rotation for all 0} is always enhanced by a
factor \[co?~6i^ x o (cu)■ Above this effect, in the nonlinear 
case one can select large magnetic x ®  contributions by a 
proper choice of input polarization and angle of incidence.
This is in contrast with the linear case where one always 
deals with small off-diagonal magnetic terms [y“ (o>)] rela­
tive to large diagonal nonmagnetic terms [y**(ct>)].
three orders of magnitude for the nonlinear Kerr rotation! 
The small linear rotation can be compared with the bulk Fe 
value of 0 .1°.
The nonlinear Kerr angle can be expressed in the a*- and 
/?-components of the reflected SH field, denoted by E x{2co) 
and E p(2<u), respectively. The relevant tensor components 
and their appearance for s~ and /¿-polarized input are shown 
in Table I. Defining JR ^ R e [ £ iV(2<o)/£,/,(2io)]l 
/= Im [£ ',t(2 cu)/£„(2 o))] and A 2 = R 2 + I 2 we get
II. EXPERIMENTAL RESULTS AND ANALYSIS
The experiments on the nonlinear Kerr rotation from 
thin, centrosymmetric magnetic films were stimulated by the 
prediction of large enhancements of by Pustogowa and 
Hubner. 12 To enable direct comparison with their theoretical 
results, experiments were perform ed on Fe thin films and come as large as 90°.
(5)
with <£q"0 for A2^  1, 0 o=9O° for A 2>  1 and R ^ O ,  and 
0o” “ 90° for A2>  I and 7?<0. Equation (5) is completely 
analogous to expression (3). It is easily verified that in the 
limit A <  1 Eq. (5) reduces to <E^  — However, the nonlin­
ear case generally is far from this limit, since <I>t2) can be-
single crystals. Ail experiments were done ex situ and, there- Inspection of Table I shows that the s-input configura-
fore, required protective cover layers. The first sample con- tion is particularly simple, with only one even, **VVi and one
sisted of a thin Fe film (thickness 2 nm), covered with a 2 nm 
Cr film deposited by rf-diode and dc magnetron sputtering, 
respectively. As a substrate we used a (100) silicon wafer, 
with a thermal oxide layer o f  about 525 nm, The substrate 
was on a rotating table, which m oved with a velocity o f  0.96
odd, Xvvv* contributing element per interface, For normal in-
r  ♦ ♦
cidence, only the y “ ,„ contribution survives. From
’ V V
E p(2(o)~Q  we then find < # ^ = ± 9 0 ° .  Moving away from 
normal incidence, the ratio \E £ 2  a>) IE p(2  <o)\ and, as a con­
sequence, | decreases so that * is tunable over a
and 3.97 m/min underneath the Fe and Cr targets, respec- wide range while scanning the angle of incidence.
tively. Both targets were equipped with screens for getting 
uniformity of the layer thickness better than 1%. The base 
pressure was 2 X 1 0 “ 7 Torr and the Ar pressure was 5 mTorr.
A similar argument for a large * close to normal in­
cidence is found for a /¿-polarized input configuration. Table
I shows that close to normal incidence, the dominating even 
For the second harmonic experiments we used the 770 nm tensor components have one z  index, and thus vanish at nor- 
output of a mode-locked (80 MFIz) T i-sap p h ire  laser. The mal incidence, whereas the dominant odd tensor element, 
pulse width was 70 fs and the input power was 100 mW Xvxx* at normal incidence.
focused on a spot diameter of 100 ¿¿m. The experiments Fig. 2 shows the observed nonlinear Kerr rotation for
were done in the longitudinal configuration, i.e., the magne- both and /?-polarized input as a function of the angle of
tization M  was in the plane of the sample and in the optical incidence. We observed a small in-plane anisotropy in our
plane o f  incidence (see inset Fig. 1). Figure 1 shows the experimental results that is possibly induced by the sputter-
polarization dependence of the SH  signal for an s-polarized ing process. The plotted data in Fig. 2 have been averaged
input at an angle of incidence o f  45° and for M  along j£ and over this azimuthal anisotropy, The solid curves in Fig. 2 are
— x  respectively. The difference between the two minima of theoretical fits, based on the multiple reflection model, with
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FIG. 2. Nonlinear Kerr rotation <1^ 1 for an Fe/Cr multilayer as a function of 
the angle of incidence. Dots: s-input polarization, diamonds: />-input polar­
ization. The curves are theoretical fits.
FIG. 3. Nonlinear Kerr rotation for an Fe/Cr multilayer and a bulk Fe 
surface for s-polarized input as a function of the angle of incidence. The 
bold solid line is the theoretical fit of Fig. 2. The dashed line is a simulation 
for of a clean Fe surface, based on the multilayer fit. The dotted line is 
a simulation for for an Fe/Cr multilayer on a silicon wafer with a 10 
nm oxide.
the unknown interface tensor elements of Table I as param­
eters and the following assumptions* Only the Fe is expected 
to contribute to the magnetic (odd) nonlinear susceptibility 
because the Cr film is antiferromagnetic. Furthermore, the
multiple reflections and of the local field effects and thus the
role of the substrate.
For the bulk surface, Fig. 3 shows a smooth variation of 
top Cr layer will be oxidized, so that the major contribution (£>(2) as a function of the angle of incidence. In accordance 
to the nonmagnetic nonlinear susceptibility is also expected with E q . (5)> F ig . 3 shows the fI,C2) cail be tuned at will
to originate from the Fe film. Therefore we assigned effec­
tive SH susceptibilities to the Fe and Cr layer together. We
between 0° and 90°, by varying the angle of incidence. This 
is a direct result of the fact that near normal incidence, the
verified that the actual position within the Cr/Fe top layer did even contribution ;^yy’4 vanishes, whereas the odd magnetic 
not significantly change the results of our fits. In addition to ,.(2),“
these SH sources at the top layer, we incorporate a nonmag­
netic SH source at the Si/oxide interface. The bulk optical 
constants of the metals and silicon were obtained from Refs. 
14 and 15, respectively. Because of the limited number of 
parameters involved in the >v-polarization configuration (a^7vv
I I * ► *
and Xzyy at the top layer, and x?yy at the Si/oxide interface) 
one finds a unique (it to these experimental data points. The 
fit in Fig. 2 includes a relative maximum of 1 $ # near
term gives a finite contribution.
The prediction of this large tunable nonlinear Kerr rota­
tion was confirmed by experiments on single crystalline Fe 
whiskers . 11 The (100) surfaces of the whiskers were capped 
by molecular beam  epitaxy grown Au and Cr layers, while
© ,^65 ° , that is due to an enhancement effect through mul­
tiple reflections in the thick silicon oxide layer. Similar, but 
smaller, enhancement factors due to a substrate are also 
known for the linear Kerr angle.16
For the /^-polarization, several combinations of tensor 
elements give satisfying fits. Figure 2 gives one such solu­
tion, obtained by choosing fixed values for the relative phase 
factors and fitting the absolute values of the tensor compo­
nents. At 45° angle of incidence, we experimentally find for 
the p  input i>(A?)~ 4 .9°.
These results show that for a proper understanding and 
analysis of the nonlinear response the total electro-magnetic 
response, linear and nonlinear including multiple reflections, 
has to be considered. The importance of such substrate ef­
fects can be illustrated in the following way. From our thin- 
film analysis we can simply calculate the response of an Fe 
surface by letting the thickness of the Fe film go to infinity. 
Similarly, we can vary the thickness of the silicon oxide 
layer for the thin-film structure.
Figure 3 shows the results of such simulations. For the 
thin oxide layer, the enhancement effect around 0/ = 6O° has 
totally vanished, which demonstrates the importance of the
0
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FIG. 4. Linear and nonlinear Kerr rotation for an Fe surface for ^-polarized 
input in the longitudinal configuration as a function of the angle of inci­
dence. Triangles: Fe/Cr, Dots: Fe/Au, Squares: uncapped Fe. The solid line 
is a theoretical fit for the Fe/Cr sample. The dotted line is the theoretical 
prediction for a clean Fe surface from Ref. 11. The inset shows ] for 
p-polarized input. The open circle is the calculation from Ref, 12.
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FIG. 5. Experimental wavelength dependence of the nonlinear (dots) and 
linear (squares) Kerr angle of Fe for the s -input longitudinal configuration at 
an incident angle of 45°*
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FIG. 6 , Magnetic contrast p for an uncapped Fe surface for $-polarized input 
in the transversal configuration as a function of the angle of incidence. The 
solid line is a theoretical fit. The inset shows the experimental configuration.
some experiments were also performed on uncapped, oxi­
dized Fe whiskers, The experiments were done using the 833 
nm output of the T i-sapph ire  laser. Figure 4 shows the mea­
sured angular dependence of the nonlinear Kerr rotation in 
the longitudinal configuration and ¿-polarized excitation. In 
Fig. 4  the experimental results can be seen for an Fe sample 
with a Cr top layer, an Fe sample with an Au top layer, and 
for an uncapped oxidized Fe sample. We find a maximum 
Kerr angle o f  80° at an angle o f  incidence o f  6°. This corre­
sponds to an enhancement of more than a factor 10\  com­
pared with the value for the linear Ken* rotation of 0,03° as 
obtained in the same experimental setup, using the funda­
mental incident beam. The solid line in Fig. 4 is a theoretical 
fit for the Fe/Cr sample based on Eq. (5) and a model for 
SHG from interfaces .18 Furthermore, the experimental results 
are in quite good agreement with the predicted behavior from
Fig. 3.
The inset in Fig. 4 shows the experimental results for the 
longitudinal configuration with p  -polarized incident light. In 
Table I it can be seen that now we are dealing with two odd 
tensor components, both of which give rise to ¿-polarized 
SHG and three even components which produce p-polarized 
SHG. Therefore it is to be expected that fo r the same inci­
dence angles the ratio |£ ,y( 2 w )/£ ,p( 2 £u)| and thus will 
be smaller com pared to the ¿-input configuration. Near nor­
mal incidence the influence of the components Xijk with a 
‘V ’ for i, j ,  o r k  will again be small. Since all even tensor 
components have at least one z  index the p -polarized SHG 
will then be small. The ¿-polarized SHG, which is now 
dominated by Xyxx* *s finite- The result is that for small 
angles of incidence the Kerr rotation will again increase. 
This is clearly confirmed by our experiments, blit seems in 
contradiction with the theoretical dependence of Ref. 12. 
However, there one has only considered the odd component 
XyZZ that also vanishes near normal incidence. At an angle of 
incidence of 45° the experimental and theoretical configura­
tions should be equivalent. Here we find <E>^= 1.2° in ex­
cellent agreement with the theoretical prediction of 1.4° from 
Pustogowa and Hiibner.12 In a recent article, the latter au­
thors have included the proper Fresnel dependence in their 
expression for showing excellent agreement with our 
experimental findings.19
In the longitudinal configuration we also measured the 
wavelength dependence of both and $ (A?) at an angle of 
incidence of 45° (see Fig. 5). The average value for 
<J>y> =  0.062°, in excellent agreement with the bulk Fe value 
of 0.061° of Ref. 20. Figure 5 shows that in the tuning range 
of the Ti:sapphire laser the Kerr rotations are constant, in 
agreement with the theoretical prediction of Pustogowa 
et a l n  From their calculations it follows that for a 
strong wavelength dependence is expected above 900 mn 
and below 600 nm. Future experiments in these wavelength 
ranges are certainly desirable.
In the transversal configuration (M along the y axis) for 
or ¿-input polarization, Xijk^ 0 for i — y  (see Table I). 
This means that the SHG signal will always be p  polarized. 
Changing the direction of the magnetization will not affect 
the plane of polarization but it has an influence on the total 
SH signal. The magnetic contrast can be defined as
ouO
ƒ ( 2 \nc¡out ,M  ) / ( 2 ,M. )
7 ( 2 a ) , # in<r/om, M  ) 7 ( 2 c o ,q ín^7out *M  )
(6)
where I(2co,q-mq m iM +) and 1 (2 <o>qhxq mliM ~ )  are the
? in#out polarized SH intensities for opposite directions of the 
magnetization. In Fig, 6 our results for p v/) from the tin- 
capped Fe sample can be seen while the inset in Fig. 6 shows 
the experimental configuration. Similar results were obtained 
for the Fe/Au sample. The dependence of the angle of inci­
dence is again easily understood with the help of Table I. For 
small incident angles the z component of the E  vector of the 
SH signal will be sm all This means that the odd tensor com­
ponent Xxyv dominate, resulting in large magnetic ef­
fects. However, in the limit of normal incidence there will 
only be an odd contribution and no magnetic effects will be 
seen, as p depends on the interference between x v and X~> 
The solid line in Fig. 6 is a theoretical fit of Eq. (6) assuming 
only the Fe surface to contribute to the SH signal.
111. SUMMARY AND CONCLUSIONS
In this article we have shown how the reflected SHG 
signal from magnetic surfaces displays nonlinear magneto­
optical Ken* effects that are several orders of magnitude 
larger than their linear equivalents. The reasons for these
6184 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 Rasing et at.
enormous enhancements are both the differences in the solu­
tions of the e.m. wave equations as well as the differences in 
the symmetry properties of the nonlinear and linear optical 
tensors. The experimental results that have been obtained so 
far are in excellent agreement with the theoretical predictions 
(Recently, polar NOM OKE effects have also been
measured).21
The large, interface sensitive magneto-optical effects of­
fer great possibilities to use this nonlinear technique for 
studying the magnetic properties of surfaces and interfaces of 
very thin films and multilayers, an area of intense research
nowadays.
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